This work presents a study of intrinsic zinc oxide thin film as ozone sensor based on the ultraviolet ͑UV͒ photoreduction and subsequent ozone re oxidation of zinc oxide as a fully reversible process performed at room temperature. The films analyzed were produced by spray pyrolysis, dc and rf magnetron sputtering. The dc resistivity of the films produced by rf magnetron sputtering and constituted by nanocrystallites changes more than eight orders of magnitude when exposed to an UV dose of 4 mW/ cm 2 . On the other hand, porous and textured zinc oxide films produced by spray pyrolysis at low substrate temperature exhibit an excellent ac impedance response where the reactance changes by more than seven orders of magnitude when exposed to the same UV dose, with a response frequency above 15 kHz, thus showing improved ozone ac sensing discrimination.
I. INTRODUCTION
The growing demand for gas sensing devices to monitor and to control environmental conditions, such as the presence of ozone or carbon monoxide in the atmosphere, made zinc oxide ͑ZnO͒ highly attractive for this application due to its high sensitivity to many gases and availability for preparation by many reliable processes. Most of them use, in its bulk form, 1,2 ZnO, a wide band gap semiconductor [E gap ϳ 3.2 eV (Ref.
3)] that can also be utilized in other applications, such as thin film transistors, 4 surface acoustic wave devices, optical wave guides, 5 varistors 6 and as a front contact in optoelectronic devices. 7 The recent improvement of doped and undoped ZnO films prepared by various methods with the required gas sensitivity and selectivity of hydrocarbons, ammonia, oxygen, and NO x has contributed to the extensive study of this material as a gas sensor. [8] [9] [10] The authors of this work would like to emphasize the recent trend to develop gas sensors using thin film technology, since the gas sensing principle is associated to a surface phenomenon rather than to a bulk phenomenon. 11, 12 To date, the use of oxide metal films as ozone sensors required an active heating element and subsequent operations at high temperatures (above 573 K), demanding a highenergy consumption for this type of sensor elements. 13, 14 To overcome this difficulty, we have demonstrated that the conductivity of some of these oxides can change orders of magnitude after exposition to UV radiation and subsequent oxidation, allowing them to work as ozone sensors at room temperature. 15, 16 In the present work ac impedance measurements [17] [18] [19] were introduced before and after UV irradiation, followed by ozone exposition, to locally try to measure and to separate the role of grains, surface grains, grain boundaries, interfaces, and electrodes on the type of sensor response obtained. 20 As examples, we can mention the one observed in ZnO and ZnO Bi doped used to produce varistors, [21] [22] [23] or the behavior observed in semiconducting ceramics such as Ba TiO 3 , electrical inhomogeneous materials. 24 In addition to the ac sensing properties, we also analyzed the dc sensing behavior towards UV and ozone of the undoped ZnO films produced by different techniques.
II. EXPERIMENTAL DETAILS
For this work, ZnO films were deposited onto soda-lime glass substrates by different techniques [dc and rf magnetron sputtering ͑Sp rf ͒, and spray pyrolysis ͑SP͒]. The dc sputtering films were made at substrate temperatures T s ranging from room temperature up to 725 K, using a deposition pressure of Ϸ1 Pa and a background pressure of about 6.7ϫ 10 −5 Pa. The films deposited by SP, T s varied from 523 to 775 K, using the procedures described later in this work. 25 For the Sp rf films, T s were fixed at room temperature and the deposition pressure varied between 1.06 and 2.93 Pa, using the procedure described elsewhere. 26 All sputtered films had thicknesses measured by the stylus method of about 200 nm, except the films deposited by SP which, in some cases, had thicknesses of about 2 m.
The dc and ac films' conductivities were measured using evaporated NiCr contacts in a coplanar gap ͑1.5 mm͒ configuration. Their sensitivity was determined by irradiating them with an ultraviolet ͑UV͒ light [mercury pencil lamp from Edmund Scientific having an average intensity of 4 mW/cm 2 (0.5 mW/ cm 2 for the ac measurements) at a wavelength of 254 nm] for 20 min. They were then subjected to oxidation in ozone for 50 min, with online dc and ac impedance monitoring, using a chamber described elsewhere, 27 where the backing pressure was of 1.06 Pa. For the dc conductivity measurements, a 617 Keithley electrometer computer controlled was used. The ac impedance measurements were performed using a precision impedance analyzer (Agilent 4294 A) in the frequency range from 40 Hz to 110 MHz in 201 steps, before and after UV exposition, using the same electrodes and configuration described above. Here, each measurement corresponded to the average value taken over 20 measurements with a backing pressure of 0.32 Pa. This procedure allowed us to decrease the error ascribed to each measurement and to avoid problems related to surface conductions due to air moisture dependent on environmental conditions, when measurements are not performed under vacuum conditions. In addition, the impedance behavior of the substrate was tested to see if the substrate played any role on the set of results achieved. The data showed us that the substrate had no influence on the set of results obtained.
The ozone sensitivity of these films was determined by controlling the ozone pressure within the chamber. With the existing setup, however, it was not possible to determine the amount of generated ozone. The only data that we have is the ratio of the backing pressure to the oxygen pressure inside the chamber that was exposed to UV to produce ozone. Thus, for the production of ozone for testing the dc and ac sensitivity to ozone of the films, the chamber was, respectively, backfilled with oxygen at pressures of 59.85 and 49.8 Pa and then exposed to UV treatment using the power densities indicated above. During this procedure, the sample was shielded from the UV light.
The films studied exhibit different types of structures (ranging from polycrystalline to nanocrystalline), surface morphologies, and degrees of porosity which were analyzed, respectively, by x-ray diffraction ͑XRD͒, secondary electron microscope ͑SEM͒, and atomic force microscopy ͑AFM͒. The objective was to correlate the characteristic features obtained with the type of ac and dc sensitivity behavior observed.
III. RESULTS

A. Structure and morphology
The XRD data achieved (Fig. 1) show that all films produced were polycrystalline or nanocrystalline (crystallite sizes below 50 nm), either c-axis oriented or random oriented. The XRD patterns also reveal the existence of a single phase with a hexagonal wurtzite structure. Here, the alternating layers of Zn and O atoms are distributed in such a way that each type of atoms occupies the center of a tetrahedron in whose vertices the atoms of the other element 28 of bulk are located. In the case of Sp rf film, only the 002 orientation is observed. This means that Sp rf films are strongly textured, as also observed by other investigators. 29 The films deposited by SP exhibit a random oriented structure that changes strongly with the substrate or annealing temperature used.
For films produced by dc sputtering, a z-axis oriented growth is observed with a decrease of film stress for the more stoichiometric films, as revealed by the decrease of the derived lattice constants. Grain size and lattice constants, derived from the XRD data, reveal that the grain size (determined by the Scherrer formula 30 ) enhances as T s increases:
The highest grain size is achieved for films produced by SP (Ref. 31) whose size increases with the annealing temperature.
The SEM and AFM analysis allowed us to study the morphology of the films produced, to infer the size of the grains/clusters formed, and to analyze possible defects existing between grains (see Fig. 2 ). The data achieved reveal films with different surface morphologies and grain sizes. The SEM data agree with the surface images obtained by AFM, showing SP films with a high surface roughness and high grain sizes or Sp rf films with small grains constituted by nanocrystals.
The films with the highest degree of roughness show grains with irregular shapes and dimensions of the order of micrometers (films produced by SP or dc sputtering at high T s ). Less rough films show a surface covered with regular shaped grains, with dimensions of some tens of nanometers (films produced by dc or rf sputtering at low T s ). Here, we can visibly notice that the surfaces of the Sp rf films are less rough and more compact and dense than the SP films that are highly porous with a large number of surface defects and contaminants, mainly when T s used is low.
The lateral grain size, the rms roughness, and the effective surface were extracted from the AFM data. The effective surface of the samples analyzed was found to be constant for all films. The rms roughness was estimated to be between 10 and 100 nm for the films deposited by SP, decreasing to values of 1 -10 nm for the sputtered films.
B. Electrical measurements: ac and dc conductivity
For the set of films produced we analyzed the behavior of the real ͑ZЈ͒ and imaginary ͑−ZЉ͒ components of the impedance (Z) for SP and Sp rf films with the frequency (f). Figures 3 and 4 show the behavior of ZЈ and −ZЉ with f, before and after UV irradiation (for 15 min), under a vacuum of 0.32 Pa, followed by the exposition of the films to an ozone atmosphere for about 20 min at a pressure of 49.8 Pa.
The data in Fig. 3 show that the noise has very little influence on the data recorded. The dependence of ZЈ on f is highly dependent on the structure of the films analyzed and environmental conditions used.
For the SP films, we can see that ZЈ is f independent up to frequencies of about 15-25 kHz, depending on T s used (see Table I ). Above this, fZЈ decreases linearly as f increases, in the log-log plot shown. The frequency above which ZЈ is reduced by 2 1/2 , which we call cutoff frequency ͑f c ͒. f c is highly enhanced (from one to about three orders of magnitude) after the film is exposed to UV irradiation, and the function of the type of structure and morphology of the films analyzed. After exposing the films to an ozone atmosphere, f c decreases, as shown in Table I . In the limit, after exposing the films to a 10 5 Pa ozone pressure, f c recovers its initial value. The ratio of ZЈ before and after UV ͑S UV Ј ͒ irradiation gives us a good indication of how sensitive the films are to UV irradiation. The data show that S UV Ј varies from about four orders of magnitude to about a factor of 15 as T s increases from 598 to 648 K. That is, the less porous films exhibit the lowest S UV Ј .
For the Sp rf films analyzed-sample 7 has a grain size of about 30 nm and sample 10 has a grain size of about 55 nm-f c is located, respectively, at 2 and 10 kHz, where the highest change of ZЈ ͑S UV Ј =5ϫ 10 4 ͒ occurs for the films with the lowest grain size.
For all films analyzed we have also noticed that, after exposing the films to an ozone atmosphere, ZЈ increases monotonically with the pressure of ozone used, recovering its initial impedance at a pressure of about 10 5 Pa. Figure 4 shows the dependence of −ZЉ on f, revealing a high noise contribution for the low frequency range. This behavior is attributed to the type of geometry used and the high resistance of the films. The −ZЉ data of the SP films obtained before UV irradiation and under vacuum conditions ͑0.32 Pa͒ show a differently located peak, the function of the degree of the films' compactness, the surface roughness, and crystals size. The film deposited at T s = 598K has the lowest grain size. It is highly rough and porous, exhibiting a sensitivity (−ZЉ ratio before and after UV irradiation) S UV at f peak = 15 kHz of about 5.5ϫ 10 7 , under a pressure of 0.32 Pa. After exposing the films to an ozone pressure ͑49.8 Pa͒, the peak shifts towards 170 kHz and the corresponding ozone sensitivity S O becomes about 2.5ϫ 10 5 . For films produced at T = 623 K, the grain size increases while the surface roughness decreases, but the film is still porous. The f peak is around 24 kHz, S UV =10 6 and S O = 90. For films produced at T = 648 K, the grain size and defects between grains are high, as revealed by SEM analysis. f peak Ϸ 22 kHz. It is shifted to 130 kHz after UV/ ozone exposition to which it corresponds to S UV =10 4 and S O = 1.9, as shown in Table I .
Overall, we are able to observe that f peak coincides with f c obtained from the ZЈ plots as a function of f. However, the corresponding S UV and S O sensitivities are now higher than the ones obtained from ZЈ. This could mean that the surface dielectric relaxation losses 17, 32 play an important role here. The main feature for the Sp rf films is that the f peak (or f c ) does not change after UV irradiation or of exposure of the films to an ozone atmosphere. The f peak recorded are smaller than the ones reported for the SP films. This behavior is attributed to the fact that the Sp rf films are less porous and surface contaminated than the SP films. For these films, we also notice that S UV Ј is higher than the values recorded for SP films with similar grain sizes, while the same does not hap- pen for S UV . In other words, a better ac sensitivity detection is achieved for SP films produced at a low T s , which exhibit a more porous and rougher surface.
We have also analyzed the data of the complex electrical modulus M * , 19 ,33
where C 0 is the bulk capacity of a capacitor with the same geometry and under vacuum conditions. By plotting MЉ / C 0 , the data show a peak that moves from low to high frequencies, before and after UV irradiation of the films, as shown in the two plots of Fig. 5 . The value of the peak corresponds to 1 / ͑2C͒ that occur for f max =1/2RC. For this frequency, the maximum of −ZЉ is equal to R / 2. 34, 17 The frequencies ascribed to f max coincide with f c . Thus, we can consider the cutoff frequency as the maximum relaxation frequency. We can then relate the shift of the peak observed after UV irradiation as corresponding to a change on the electrical mechanism path: from the surface to the bulk, caused mainly by the UV doping effect in compensating vacancies and/or defects in the interfacial region. Our conclusion agrees with what other researchers have obtained in oxide semiconductors, including sintered doped ZnO, where the peak at low frequencies is ascribed 1401 to the role of the surface and the peak at high frequencies to the role of the bulk of the grains.
17,35
The plots of the imaginary part of the total impedance ͑−ZЉ͒ against the real part ZЈ as a parametric function of the frequency 17 are shown in Fig. 6 . The fitting of the experimental points have been obtained by least-mean-square analysis. The intercepts of these semicircles with the real axis give information about the ohmic resistance of the system. 17 For the range of f analyzed, the data are fitted by a semicircle whose shape changes after UV irradiation or film exposure to an ozone atmosphere. This means that, for the frequency range used, the electrodes do not affect the sensor response and so, the main contributions for the impedance come from the bulk and/or surface of the grains. This corroborates our previous assumptions.
The representation of −ZЉ versus ZЈ of the SP films reveal that the semicircles are skewed after the UV irradiation, recovering their original form after exposing the films to an ozone atmosphere. This behavior can be explained by the ZnO reduction after UV irradiation, with a high number of vacancies compensated by oxygen or O 3 . This acts as donor dopant, leading to a big change on the transport mechanism path. On the other hand, for the SP rf films, the semicircles representing the dependence of −ZЉ on ZЈ are less skewed after UV irradiation. This applies specially to the films with grain sizes below 50 nm. Such behavior could be attributed to a more compact and less rough surfaces of the Sp rf films when compared to SP films.
The frequencies f m obtained from the midpoint of the semicircles 19 are related to the relaxation frequency and so with f c . Table I shows the f m values of the films before and after UV irradiation, followed by exposition to an ozone atmosphere (respectively, f m , f mUV and f mO ). These data are very close to the ones reported for f c . The SP films exhibit the highest f m , which increases more than two orders of magnitude after UV irradiation, except for the sample produced at 648 K, which exhibits grains of about 1 m separated by defective layers (excess of defects at the grain boundaries). In this case, the enhancement of f m is only of about one order of magnitude. On the other hand, for the Sp rf films, f m is enhanced about three orders of magnitude after UV irradiation. This behavior is consistent with a strong ZnO reduction promoted by UV irradiation on films made up of nanocrystals and with less defective tissue between grains than the SP films. For the Sp rf with grain sizes around 30, the peak frequency before and after UV irradiation is, respectively, of 2 kHz and 2.6 MHz corresponding to impedances of about 30 M⍀ and 60 k⍀. From both cases we expected an equivalent value for the capacitance of around 10 −12 F. However, if we take into account that the relative permittivity of ZnO is around 8-10, for the gap cell geometry and area A used ͑1.2ϫ 10 −8 ഛ A ഛ 1.2ϫ 10 −9 m 2 ͒, the steady state capacitance ͑C = 0 r A / d͒ should be as high as about 5.6ϫ 10 −17 or 5.6 ϫ 10 −16 F. In theory, it should not be compatible with the set of results achieved from the ac impedance measurements. To reach such values, the relative dielectric permittivity should be at least 10 4 times higher than the one of ZnO. To explain these discrepancies as well as the set of impedance results achieved before and after UV irradiation of the undoped ZnO films analyzed, we propose a simple model based in two phases.
The Arrhenius plot of the dc conductive as a function of the inverse of the absolute temperature (Fig. 7) in the temperature range from 300 to 500 K for the Sp rf films reveals that the main conduction mechanism is by hopping/ percolation. This involves deep and shallow vacancy states located, respectively, at about 1.04 and 0.16 eV. The data confirms that the UV irradiation leads mainly to the activation of shallow states, thus bringing about a dopinglike effect that enhances the conductivity in orders of magnitude, function of grain size, and grain boundary defects of the films analyzed.
C. The model proposed
In order to interpret the set of results achieved, we propose a simple model as shown in Fig. 8(a) . Here, we consider a two phase heterogeneous structure: Phase 1, constituted by the surface grains and the inner boundaries of the aggregation of grains; Phase 2, constituted by the interfacial region between grains and characterized by the existence of a high disorder tissue connecting the different (bulk) grains, similar to what was observed by Schwarz in ZnO colloid particles when exposed to relative high humidity 36 or similar to what is observed at the grain boundaries of the metal oxide varistors. 37, 38 Under this condition, subscript 1 will refer to the most resistant phase (the surface of grains, where d 1 is the separation between them) that dominates the conduction mechanism before UV irradiation. Subscript 2 will refer to the interfacial contribution to the transport mechanism, ascribed to bulk grains with sizes d 2 ӷ d 1 , distributed along the distance d of the gap cell configuration used. After UV exposure, some vacancies or defect states existing between the grains incorporate O 3 atoms. This, in turn, leads to the release of free charge carriers to the boundaries of the interfaces, and consequently to the increase of the films' conductivity, the function of the possible barrier height b at the interfaces and the amount of defects associated with the grain boundaries that may behave as traps for the free carriers. 39 This model is close to the one where the conductive phase is dispersing in a more resistant matrix. 40, 41 Under this condition, each phase has different conductivities and permittivities, respectively, 1 , 1 , and 2 , 2 . These can be described by the equivalent electric circuit shown in Fig.  8(b) , composed of resistances R and capacitances C, whose ideal representation in the complex plane gives rise to at least two semicircles. 17 The first semicircle appears at low f and corresponds to the role of the surface of the grains, including grain boundaries. The second semicircle corresponds to the role of the bulk of the grains and appears at high frequencies. 19 The role of contacts (the two extreme resistances) can also influence the shape of curves obtained, when they are not ohmic. 42 This is not the case under analysis.
Besides that, the presence of defects will affect impedance and capacitance due to the formation of barrier layers at the grain/grain boundary interfaces. However, we have to take into account that this process is averaged over many grain boundaries and is highly difficult to interpret. 43 Therefore, there are no perfect semicircles but instead deformed arcs whenever a high number of defects/vacancies are present in the structure under analysis. From our experimental data we only notice the existence of one semicircle from the plot of −ZЉ versus ZЈ. This behavior has also been observed by other researchers that ascribed it to an electrically inhomogeneous material in which the grain boundary resistance may, in certain circumstances, dominate the overall impedance. 19 Based on our proposed model, neglecting the effect of the contacts and under static conditions (direct current) we have that R 1 = ͑1/ 1 ͒ ϫ ͑d 1 / S͒, R 2 = ͑1/ 2 ͒͑d 2 / S͒, and R = R 1 + R 2 . So, the equivalent conductivity of this system can be written as
Similarly, if we consider the impedance relation of each branch of the equivalent electric circuit ͓Z 1 = R 1 / ͑1
we reach for the permittivity re-
where the frequency f m for which the relaxation occurs depends also on the characteristics of the phases present and is given by
where 0 is the vacuum permittivity and
We assume that d 1 has dimensions of the order of the intergrain or porous space, ranging from a few tenths of nanometers to thousands of nanometers. The relaxation time of each of the phases is given by 1 R 1 C 1 = 0 1 / 1 and 2 = R 2 C 2 = 0 2 / 2 , where the maximum peak position in the semicircles is related f max , as described above. 28 To test the proposed model, we must fit it with the set of experimental data obtained. For instance, for the Sp rf film constituted by small nanocrystals we saw that the equivalent capacitance extracted from the impedance measurements is of about 10 −12 F, compatible with r ϳ 10 5 . Apart from that, we also saw that if we take into account that the permittivity in both phases is almost equal to 8, the only way to explain the behavior observed is by looking at differences between the conductivity in the two phases and at the d / d 1 ratio. If we consider that, after UV irradiation, the main conduction 4 . Now, if we take into account the size of the nanocrystals ͑30 nm͒ this means that between the contacts we may have about 5 ϫ 10 4 grains, assuming that the grains make a continuous chain. Nevertheless, we do not have a continuous chain of grains, since we have interfacial spaces or even nanoporous separating the grains, with sizes up to 10-20 nm, as revealed by the SEM or AFM micrographs. Therefore, we will arrive to values of d / d 1 very close to the ones obtained by using the model proposed.
The same type of analysis was done for the other set of samples studied, where the proposed model fits well with the set of experimental points obtained. There, we notice that the d / d 1 ratio decreases either when the grain size increases or when the dimension of the interfacial (porous) also increases, approaching 15 for the SP ZnO films. In other words, the d/d 1 ratio can be considered as the dielectric amplification factor.
IV. DISCUSSION OF THE RESULTS
The analysis of the dc sensitivity dependence on the grain size (Fig. 9) shows that the films with the largest grains have the poorest performances in terms of ozone sensing. In general, films deposited by SP exhibit dc sensitivities up to 7 ϫ 10 3 , while the sputtered films exhibit sensor sensitivities between 10 3 and 10 8 , as the grain size changes from 120 to 4 nm. This means that the sensitivity increases as the grain size decreases. The highest value was achieved for highly textured ZnO films deposited by rf sputtering technique at room temperature.
The differences in the behaviors observed for the two types of sputtered films (dc and rf) are attributed to differences in the grain sizes, the degree of the films' compactness, and the surface morphology, highly dependent on T s used. On the other hand, the poor dc sensitivities achieved in the films deposited by SP are attributed to its porosity, surface roughness, and surface contamination. These characteristics do not exist in the films produced by the sputtering technique. Nevertheless, the experimental data show that the state of surface oxidation, together with the degree of porosity and surface roughness of the SP films, makes these films highly ac sensitive to UV or ozone exposition, agreeing quite well with the model proposed. Indeed, the experimental data show that SP films with grain sizes in the range from 40 to 100 nm reveal very high S UV and S O values, higher than the ones corresponding to their S UV Ј and S O Ј counterparts.
The overall enhancement observed on the dc and ac conductivities of the films analyzed is attributed to the absorption of photons with energy higher than the energy band gap of the ZnO that lead to the generation of electron-hole pairs by light absorption. Furthermore, oxygen is desorbed from the surface of the sample, leading to the creation of free electrons 44 as translated by Eqs. (5) . Following that, the films subsequently exposed to ozone at room temperature exhibit a strong increase in resistance caused by reoxidation, function of the state of the surface of the ZnO films [see Eq. (6)]. That is, the main mechanism responsible for large conductive changes in ZnO films is the formation and annihilation of oxygen vacancies when the film sustains an UV irradiation whose associated energy is higher than the bonding energy between Zn and O. This leads to O release from the film in the gaseous form, leaving behind two valence electrons in the vacant site. If both electrons remain in the vacancy, the neutrality charge is preserved and the vacancy has 0 effective charges. If one or both of the localized electrons are excited and transferred away from the vacancy, the vacancy is left with an effective positive charge. The charged oxygen vacancy (singly or doubly ionized) becomes an electron-trapping site where one or two electrons can be made available for conduction. The formation of doubly charged oxygen vacancies can be described by the defect equation 45 applied to ZnO when exposed to UV light:
The subsequent oxidation in ozone leads to annihilation of the charged oxygen vacancies by incorporation of oxygen into the film by surface recombination, leading to
Thus, the charge carrier concentration decreases drastically. This photoreduction and subsequent oxidation procedure, also characteristic of other oxides such as In 2 O 3 , 16 is fully reversible and can be repeated many times (Fig. 10) . The dc sensitivity covers a range of more than eight orders of magnitude, depending on the size of the crystallites, degree of film compactness, and state of surface oxidation. This type of behavior can be clearly explained by our two-phase proposed model, and the set of recorded electrical experimental data also fit well.
The data achieved lead to film's dc and ac sensitivity to the UV irradiation, exhibiting values at least two orders of magnitude larger than the results achieved with In 2 O 3 (Ref. 16) films. In addition, the dc response time is about one order of magnitude faster than the recovering time. The ac conductivity data also reveals that the films with high roughness and porosity ͑SP͒ when constituted by large nanocrystals (produced at low T s ) have an excellent reactance response (of more than seven orders of magnitude), with f peak Ϸ 15 kHz. On the other hand, the sputtering films with similar grain sizes but with smoother surfaces exhibit reactance sensitivities of about two orders of magnitude smaller than the one of SP films.
The behavior of the sensor response can be understood by taking into account the surface dependence on the effects involved and the model proposed. In films with large and porous grains, the area of the grain boundaries and the type of defects ascribed to them control the conduction mechanism.
When the grain size decreases, the area of grain boundaries will increase. Therefore, the absorption and desorption of atoms from the surface has a much larger influence on the conductivity of the sample because the depletion layer caused by trapped charge carriers occupies a large fraction of the grain surface/volume. Consequently, the conductivity changes observed during UV irradiation and reoxidation of the films are strongly dependent on surface morphology and type of contaminants incorporated in surface states. This is mainly the case for films constituted by large grain sizes according to our model and confirmed by ac measurements. On the other hand, for films with clean and smooth surfaces, such as the ones produced either by dc or rfs puttering, the dimension of the grains, film compactness, and surface texture are of primordial importance in determining the lateral surface through which the gas is absorbed. These factors can lead to drastic changes in the film's conductivity and equivalent capacitance, especially when films are porous (SP films produced at T s Ͻ 598 K). These data agree closely with the model proposed in this paper and confirmed by the set of dc and ac impedance measurements performed.
V. CONCLUSIONS
To summarize our work, we have demonstrated the ability to use ZnO thin films produced by different techniques, as ozone sensors at room temperature, after being exposed to UV irradiation. The results achieved show that the dc and ac behavior of the films before and after UV irradiation are dependent on the type of structure produced. The highest dc sensitivity (above 10 5 ) reaches values ranging from 5 to 45 nm, with an uncontaminated texture surface. This is the case of films produced either by dc sputtering at low T s or by rf sputtering at room temperature. In contrast, films with a polycrystalline structure with large grain sizes and with contaminated surfaces, such as the ones produced by SP, have the lowest dc sensitive values. It can be deduced from the experimental work shown in this paper that the best ac sensitivity (exceeding 10 5 ) was obtained in SP films with low grain sizes (below 100 nm) and highly porous produced at low substrate temperatures that exhibit relaxation frequencies above 15 kHz.
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